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INTRODUCTION 
There is  g r e a t  need for atmospheric trace consti tuent measurements with 
h igher  ver t ica l  reso lu t ion  than  a t ta inable  wi th  pass ive  rad iometers .  Inf ra red  
( I R )  DIAL, which depends on Mie s c a t t e r i n g  from aerosols ,  has  special  advantages 
for  t ropospher ic  and lower  s t ra tospher ic  appl ica t ions  and has  g rea t  po ten t i a l  
importance  for  measurements from S h u t t l e   ( r e f .  1) and a i r c r a f t .  D i f f e r e n t i a l -  
absorption LIDAR data  reduct ion involves  comparing large ampli tude s ignals  which 
have small d i f f e rences .  The accuracy  of  the  trace  consti tuent  concentration 
in fe r r ed  from D I A L  measurements depends strongly on the  e r rors  in  de te rmining  
the  amplitude  of  the  signals.  Thus,  the commonly used SNR express ion  ( s igna l  
divided by noise  in  the absence of s i g n a l )  i s  not adequate t o  d e s c r i b e  D I A L  
measurement accuracy and must be replaced by an expression which inc ludes  the  
random coherent   (speckle)   noise   within  the  s ignal   ( refs .  2 ,  3 ,  and 4 ) .  A com- 
prehensive D I A L  computer algorithm (ref. 5) is  modified to  inc lude  he te rodyne  
de tec t ion  and speckle  noise .  Resul ts  of a parametr ic  s tudy are  presented and 
comparisons with direct  detect ion are  discussed.  Examples a re  g iven  for  mon- 
i t o r i n g  v e r t i c a l  d i s t r i b u t i o n s  of 0 , H 0, and NH using a ground-, a i r c r a f t - ,  
or  Shut t le-based pulsed tunable  CO 31aser D I A L  system. 2 3 
2 
ANALYSIS OF D I A L  SENSITIVITY WITH HETERODYNE DETECTION 
ence 
The expectat ion value P of t he  number of  measured  photons  from  one  coher- 
area  of a s c a t t e r i n g   c e l l   a t   r a n g e  R of length  A r  i s  
where Q = d e t e c t o r   e f f i c i e n c y ,  r = o p t i c a l   e f f i c i e n c y ,  E = l aser   energy ,  
6 = 180° backsca t t e r  coe f f i c i en t  per length  per  s te rad ian ,  Ar = ce l l  length  = - CT 
T = i n t eg ra t ion  time, V = frequency, A = t r ansmi t t e r  a r ea  (= r e c e i v e r  a r e a  f o r  
heterodyne system w i t h  s i n g l e  d e t e c t o r ) ,  5 = e x t i n c t i o n  c o e f f i c i e n t  ( t o t a l  
minus t h a t  of  measured g a s ) ,  CS = absorpt ion coeff ic ient  of  measured gas ,  and 
p = density of gas being measured. 
2 '  
1 I n   d i f f e r e n t i a l   a b s o r p t i o n ,  measurements are made of t w o  f requencies  
t e l e c t e d  t o  maximize s i g n a l  and d i f f e ren t i a l  abso rp t ion  of the species  being easured while  minimizing interference effects .  The doub le  r a t io  o f  s igna l s  a t  
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adjacent  scattering cel ls  a t  t w o  f requencies  yields  information about  absorp- 
t i o n  i n  t h e  r e g i o n  between t h e  s c a t t e r i n g  cells. 
where P i j  = expectation  value  of measured r e t u r n  from c e l l  j a t  frequency i 
B i j  = b a c k s c a t t e r   c o e f f i c i e n t  from ce l l  j a t  frequency i, AO = absorpt ion 
coe f f i c i en t  d i f f e rence  between frequencies  1 and 2 ,  A< = ex t inc t ion  coe f f i -  
c i en t  d i f f e rence  between frequencies 1 and 2 (not including gas being measured) 
i = 1 or 2 f requencies  on o r  o f f  a b s o r p t i o n  l i n e ,  r e s p e c t i v e l y ,  and j = 1 o r  2 
f o r  d i s t a n c e s  R 1  and R2 ,  respec t ive ly .  For s c a t t e r i n g  cells of  equal  length 
the   r e so lu t ion   l eng th  R2- R 1  e q u a l s   t h e   s c a t t e r i n g  cel l  length  n r .  The term 
In B21 i s  a cor rec t ion  term due t o  changes in   backsca t t e r ing   w i th   f r e -  
quency across s c a t t e r i n g  cells. The term 2 /  ( A t )  d r  is a correction  due t o  
in t e r f e ren t  spec ie s .  Var i a t ion  in  backsca t t e r  and in t e r f e ren t  abso rp t ion  a t  
the  t w o  f requencies  w i l l  r e s u l t  i n  b i a s e s  i n  t h e  i n f e r r e d  c o n c e n t r a t i o n s .  
These b i a ses  can be reduced by carefu l  f requency  se lec t ion  and p a r t i a l l y  c o r -  
rec ted  by using a p r io r i  i n fo rma t ion  and a u x i l i a r y  measurements.  For  an op t i -  
c a l l y  t h i c k  s p e c i e s ,  a s e r i e s  o f  "on" frequencies  i s  r e q u i r e d  t o  maximize s e n s i  
t i v i t y  a t  v a r i o u s  a l t i t u d e s .  
p 1 1  622 R2 
R 1  
The random e r r o r  i n  p,  which is  ca l cu la t ed  assuming t h a t  s i g n a l  p l u s  
background a r e  measured during each pulse and that background is  measured 
between pulses  and subt rac ted ,  w i l l  depend on t h e  random e r r o r  i n  t h e  measure- 
ment of 
(6P 
Pi, .  The unce r t a in ty  in  the  in fe r r ed  concen t r a t ion  ( 6 ~ ) ~  i s  given by 
( 3  
where N is the  number of pulse p a i r s  per measurement  and SNR is  t h e  s i n g l e  
pulse  s ignal- to-noise  ra t io .  For  heterodyne detect ion,  the major  errors  in  
P i ,  are due t o  quantum n o i s e  i n  t h e  l o c a l  oscillator and f luc tua t ion  no i se  ir; 
the  r e tu rn  s igna l .  
The he te rodyne  s igna l - to -no i se  r a t io  fo r  a single coherence volume 
P i  j 
P i ,  + BT is  l imi ted  to  1 .0  due  to  the  speckle  noise  in  the  re turn  s igna l .  Th 
number of coherence   l engths   per   sca t te r ing   ce l l  is  BT. The number of coher- 
ence  areas  viewed by t h e  d e t e c t o r  i s  M ,  where M i s  t h e  r a t i o  of r ece ive r  t o  
t r ansmi t t e r  area. For heterodyne detection an ind iv idua l  de t ec to r  i s  required 
for each coherence area. The s ingle  pulse  s igna l - to-noise  ra t io  for determin- 
ing  the  s igna l  from a s c a t t e r i n g  c e l l  is  then 
' I  




where BTM i s  the  number of s ta t is t ical ly  independent  samples  from a scat- 
t e r i n g  cel l  f o r  a s ing le   pu lse .  The post-detection  bandwidth B is con- 
s t r a ined  by matching with pulse duration (B < l/Tp) and by the width of 
atmospheric spectral l i n e s .  The in t eg ra t ion  t i m e  T is  cons t ra ined   by   ver t i -  
cal resolut ion requirements .  Neglect ing the system error  terms, t h e  random 
e r ro r  i n  dens i ty  fo r  he t e rodyne  de tec t ion  wi th  bandwidth B ,  i n t e g r a t i o n  t i m e  
T, N pulse  pairs, and M coherence areas with  one  detector per coherence 
a rea  i s  
1 
2 2  
( 6 p I 2  = ” 2 (2AaAr) i=l j=1 
i j  
For N pu lse  pairs and M de t ec to r s ,   t he  SNR 
- 
JBTNM is  maximized P;; + BT 
f o r  a g iven  to t a l  laser energy per measurement (a NMPi,)  when the  laser  energy  
pe r   pu l se   pe r   de t ec to r  is  se l ec t ed  so t h a t  P i j  BT. For tha t   condi t ion   an  
approximate solution to equation (5) i s  
AJ 
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T h i s   e q u a t i o n   i l l u s t r a t e s   t h a t  6p i s  independent  of p and propor t iona l  t o  
l/Ao wi th in  the  cons t r a in t  t ha t  t he  two-way integrated absorption through the 
atmosphere  does  not l i m i t  P i j  t o  less than BT. Equation (6) a l s o   i n d i c a t e s  
t he  s t rong  e f f ec t  of range resolution on measurement e r r o r .  The number of 
pu l se  pa i r s  r equ i r ed  to  ma in ta in  a constant  measurement e r r o r  is  propor t iona l  
t o  t h e  i n v e r s e  cube  of the range resolut ion.  
COMMENTS ON DIRECT DETECTION 
Di rec t  de t ec t ion  can have advantages over single-detector heterodyne 
de tec t ion  when s igna l  l eve l s  a r e  h igh  s ince  d i r ec t  de t ec t ion  a l lows  ave rag ing  
over multiple coherence areas with a s ing le  de t ec to r .  The major disadvantage 
of d i r e c t  d e t e c t i o n  is  background noise which is  l imi ted  by o p t i c a l  f i l t e r s  
( 2 ,  10l1 H z )  compared w i t h  t h e  e l e c t r o n i c  f i l t e r s  ( l o 6  t o  10 9 H z )  for heterodyne 
de tec t ion .  Reducing t h e  background noise by reducing  the  f ie ld  of  view w i l l  
r e s u l t  i n  an increase  in  speckle  noise .  
The d i r ec t  de t ec t ion  s igna l - to -no i se  r a t io  can  be w r i t t e n  as a funct ion 
of M ,  t he  number of coherence areas, and t h e  t o t a l  d i r e c t  d e t e c t e d  s i g n a l  
P i j  = !Pi,. The SNR f o r  d i r e c t  d e t e c t i o n  (assuming zero detector noise,  
r e f .   3 )  is  
(I?; BT + (GDMTIBT + - 
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Equation (7) includes a speckle term P l j  /M, a Poisson term P r . B T ,  and a 
background term (GDMT)BT. In   equat ion  (7)  , G is  t h e  background s i g n a l   i n  
detected  photons/sec/Hz per coherence area, M i s  t h e  number of coherence 
areas, and D is  the  bandwidth  in Hz o f  t h e  o p t i c a l  f i l t e r .  Maximization  of 
t h e  d i r e c t  d e t e c t i o n  SNR wi th  respec t  t o  the  number of coherence areas occurs  
when M is  s e l e c t e d  so t h a t  t h e  background  and  speckle terms are equal:  
2 
1 7  
Y A l l -  
J2 JGBD T 
For t h i s  c o n d i t i o n ,  t h e  c r i t e r i o n  f o r  d i r e c t  d e t e c t i o n  SNR t o  exceed t h e  
s ingle-detector   heterodyne  large  s ignal  SNR of fi is  f o r  P i j  >2T&. 
SENSITIVITY ANALYSIS FOR DIAL MEASUREMENT  USING 
HETERODYNE DETECTION WITH A SINGLE DETECTOR 
A comprehensive computer algorithm is  used t o  ca lcu la te  the  expec ta t ion  
values  of P i .  f o r   va r ious  measurement condi t ions.   Pressures ,   temperatures ,  
and gas  spec ids  dens i t ies  a re  input  from a midsummer midlati tude atmospheric 
model. Trace   gas   spec ies   dens i t ies  can  be  modified  using  card  inputs. L i n e  
absorption parameters are accessed from a comprehensive  data  base.  Sources 
f o r  l i n e  d a t a  a r e  g i v e n  i n  r e f e r e n c e  6. A t  each al t i tude,  molecular  absorpt ioi  
a t  V I  and V 2  is  ca lcu la ted   for   each   spec ies  by summing cont r ibu t ions  from 
a b s o r p t i o n  l i n e s  i n  t h e  v i c i n i t y  of the laser  f requency.  Lorentz ,  Voigt ,  or 
Doppler l ine  shapes  a re  used  a t  appropr i a t e  a l t i t udes .  Water  vapor  continuum 
absorption is  added t o  t h e  l i n e  a b s o r p t i o n .  E x t i n c t i o n  due t o  p a r t i c u l a t e  and 
molecular  sca t te r ing  i s  summed with molecular  absorpt ion at  each al t i tude to  
g i v e  t h e  t o t a l  loss i n  e a c h  s c a t t e r i n g  c e l l .  The in t eg ra t ed  two-way loss is  
ca lcu la ted  by summing cont r ibu t ions  from a l t i t u d e  l a y e r s  between t h e  l a s e r  and 
the   ce l l   be ing   cons idered .  The backsca t t e r ing   coe f f i c i en t  6 is  ca lcu la ted  
by combining a 'Rayleigh term, which i s  small  a t  in f ra red  f requencies ,  and a M i :  
term. Mie backsca t te r  and  ex t inc t ion  for  the  cases  shown he re  a re  ca l cu la t ed  
using  parameters  of  Deirmendjian's Haze L s i z e  d i s t r i b u t i o n  ( r e f .  7 ) .  The 
v e r t i c a l  a e r o s o l  d i s t r i b u t i o n  is  based on re ference  8 with a ground l e v e l  
concentration (350 particles/cm3) corresponding to a 23-km v i s i b i l i t y .  
Figure 1 shows the  Mie c o n t r i b u t i o n  t o  t h e  volume backsca t t e r  coe f f i c i en t  used 
i n  t h i s  s t u d y  as a funct ion of a l t i t u d e  f o r  V = 927 -61 an-'. 
For a l l  s imula t ions  presented ,  the  overa l l  sys tem ef f ic iency ,  which i s  
the product  of  opt ical  and  quantum e f f i c i e n c y ,  i s  s e t  a t  12.5%. The system 
e r r o r s  due t o  a m p l i f i c a t i o n  and d i g i t i z a t i o n  are set  a t  0.1%. For a i r c r a f t  
and ground-based  cases,  telescope  area i s  0.1 m2 and  bandwidth 1 0  Hz; f o r  
Shu t t l e  ca ses ,  t e l e scope  a rea  i s  1 m2 and bandwidth l o 7  Hz. Bandwidths  have 
been constrained by atmospheric  l ine parameters  and by l a s e r  limits. P u l s e  
ene rg ie s  a re  se l ec t ed  wi th in  p rac t i ca l  l a se r  cons t r a in t s  t o  match s i g n a l  t o  
bandwidth  and the  number o f  pu l se  pa i r s  N is adjusted t o  obtain reasonable  
measurement accnracy. The "on"  and "off 'I frequencies have been se l ec t ed  t o  be 
within the range of  a s ing le  ra re  i so tope  mul t ia tmospher ic  CO laser l i n e .  USI  




closely spaced "on" and "off I' f requencies  minimizes  e r ror  due  to  var ia t ions  in  
backsca t te r  and in t e r f e r ing  spec ie s  abso rp t ion .  
Figure 2 d i sp l ays  O3 concent ra t ion  in  STP-ppb and measurement e r r o r  i n  
t h e  same u n i t s  v e r s u s  a l t i t u d e  f o r  measurement  from S h u t t l e  a t  250 km. The 
pulse energy is  5 jou le s  per pulse  wi th  1000 p u l s e  p a i r s  per measurement. 
Telescope area is  1 m 2 ,  bandwidth is l o 7  Hz, r e so lu t ion  is 1.5 km below 30 km 
and 3 km above 30 km. Simulations are f o r  an "off"  frequency  of  1058.01 cm-l 
and "on" frequencies  of  1058.17,  1058.11, and  1058.19  cm-l. It should be 
noted  tha t  a f ine  tun ing  o f  t he  "on" frequency r e s u l t s  i n  a sha rp  va r i a t ion  
of a l t i t u d e  a t  which t h e  b e s t  measurement can be accomplished. 
Figure 3 d i sp lays  ozone concentration and e r r o r  i n  STP-ppb f o r  a measure- 
ment  from a i r c r a f t  a t  10.5 k m  l ook ing  e i the r  upward o r  downward. Pulse energy 
is  0.05 jou les ,  t e lescope  a rea  is  0.1 m2,  bandwidth is  lo8  Hz, and  ''on'' f r e -  
quency is  1058.20 c m  . In   t he  case of a i rc raf tmeasurements   the  "on" Erequency 
s e l e c t i o n  is  s implif ied s ince the s ignal  does not  have to  pass  through the ozone 
bulge. Two cases  are p resen ted  in  o rde r  t o  i l l u s t r a t e  the  s t rong  in f luence  of 
range resolut ion on number of  pulses  required for  a measurement. The s o l i d  er- 
ror l i n e  is  f o r  3000 pu l se  pa i r s  w i th  a resolution of 0.5 km below 6 km, 1 la 
from 6 t o  10 km, and 3 km above 10  km. The dashed  er ror  l ine  is  f o r  100 pulse  
p a i r s  w i t h  a resolut ion of  1 .5  km. The e r r o r s  a r e  n e a r l y  i d e n t i c a l  a t  low al-  
t i t u d e ,  which is  expected (see equation (6)  ) s ince  the  number of pulses has been 
increased by approximately the cube of  the inverse of  the range resolut ion.  
-1 
Figure 4 d i sp l ays  NH3 concentrat ion and e r r o r  i n  STP-ppb f o r  300 pu l se  
pairs with operation from S h u t t l e  a t  an a l t i t u d e  of 250 km with 1 j ou le  pe r  
pu lse  and from a i r c r a f t  a t  an a l t i t u d e  of 10 km with 0.05 jou les  per  pu lse .  
Since NH3 is  not  heavi ly  a t tenuated,  only one s e t  of f requencies  is  required.  
The r e so lu t ion  fo r  bo th  cases  i s  1.5 km. 
Figure 5 d i sp l ays  NH3 concentrat ion and e r r o r  i n  STP-ppb f o r  a ground- 
based  measurement. The v e r t i c a l  NH3 d i s t r i b u t i o n  i s  the  same as shown i n  
f i g u r e  4. Fo r  t h i s  ca se  , the  te lescope  a rea  i s  0 .1  m 2 ,  bandwidth is  lo8 H z ,  
''on''  frequency i s  927.32 cm-l, and "off"  frequency is 927.61 cm-l. The e r r o r  
curves  a re  for  a range resolut ion of 1 .5  km using 300 pu l se  pa i r s .  The two 
e r r o r  c u r v e s  a r e  f o r  l a s e r  e n e r g i e s  of 0.05 J and 0.5 J. Note t h a t  f o r  t h e  
cases  in  which E = 0.5 J, t he  l a rge  s igna l  l i m i t  
throughout  the ent i re  measurement range and t h e r e f o r e  t h e  e r r o r  is  nea r ly  
independent of a l t i t u d e .  
( ) z l  is  achieved P i ,  + BT 
Figure 6 is f o r  t h e  same condi t ions as shown i n  f i g u r e  5 with the excep- 
t i o n  t h a t  t h e  NH3 concentration has been reduced by a f a c t o r  of 5. The e r r o r  
i s  p lo t t ed   on ly   fo r   t he  E = 0.05 J case.  Comparison  of f i g u r e  6 with   the  
0.05 jou le  cu rve  in  f igu re  5 i l l u s t r a t e s  t h e  e f f e c t  of concentrat ion on 
measurement e r ro r .  A t  low a l t i t u d e ,  P i j  2BT and t h e  measurement e r r o r s   a r e  
independent  of  concentration. A t  h ighe r   a l t i t udes  P i ,  <BT and the   increased  
in tegra ted  absorp t ion  a t  the  h igher  concent ra t ion  ( f ig .  5 )  results i n  an 
increased measurement e r r o r  f o r  t h a t  c a s e .  These NH3 d i s t r i b u t i o n s  a r e  
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t yp ica l  va lues  from Langley Research Center ground-based infrared heterodyne 
radiometer measurements (ref. 9) . 
Figure 7 d i sp lays  pe rcen t  error i n  measurement of water vapor concentra- 
t i o n  v e r s u s  a l t i t u d e  f o r  measurement from 250 km f o r  a midsummer, mid la t i tude  
water vapor  d is t r ibu t ion .  Measurement condi t ions  are 1 jou le  per pu l se ,  100 
pulse  pairs, l o 7  H z  bandwidth  and 1 m2 te lescope .  Two "on" f requencies   a re  
used a t  948.25 and 948.30 cm- i . The "off 'I frequency i s  a t  948.35 cm-l. Trop- 
ospheric water vapor is  p a r t i c u l a r l y  amenable t o  measurement from space s ince 
the  concentration  rapidly  increases  towards  the  ground.  Thus,   absorption i s  
h i g h  a t  low a l t i t u d e s  and the  in tegra ted  absorp t ion  from s p a c e  t o  low a l t i -  
tudes i s  r e l a t i v e l y  l o w .  For measurement  of water vapor a t  h i g h e r  a l t i t u d e s ,  
t he  number of pu l ses  would have t o  be increased. 
CONCLUDING REMARKS 
High v e r t i c a l  r e s o l u t i o n  measurement of atmospheric trace species can be 
achieved  using CO laser DIAL with heterodyne detect ion.  This  s tudy indicates  
t h a t  maximum s e n s l t i v i t y   a t  minimum laser energy per measurement requires 
mult iple  pulse  operat ion with the energy per  pulse  selected so t h a t  t h e  measure1 
photon r a t e  is  approximately equal  to  the detector  IF bandwidth. Measurement 
s e n s i t i v i t i e s  c a n  be maximized and i n t e r f e r e n c e  e f f e c t s  minimized by f i n e  ad- 
justment of measurement frequencies using the tunability of high-pressure laser 
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F igure  1.- Aerosol volume b a c k s c a t t e r i n g  c o e f f i c i e n t  as a func t ion  of  
a l t i t u d e  for V = 927.61 an-'. 
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Figure  3.- Ozone  measurement  from 10.5 km. 
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F i g u r e  7.-  Water vapor measurement f r o m  250 km. 
